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ABSTRACT
Here we describe quantitatively the birth and death of the two separate populations of
neurons, ganglion cells and displaced amacrine cells, in the mouse retinal ganglion cell layer
(GCL). The two cell types, which are roughly equally numerous, were distinguished pre- and
postnatally by labeling the ganglion cells retrogradely with fluorescent dye. Embryos were
labeled cumulatively with bromodeoxyuridine (BrdU) delivered by an osmotic minipump
implanted in the mother; cell birth dates were established as having occurred before or after
pump implantation. Early cohorts (GCL cells born before embryonic day [E] 11.8 and E12.8)
were 98  1.1% and 99  0.2% ganglion cells (mean  SEM), respectively, and a late cohort
(born after E15.8) was 97  1.2% displaced amacrines. Thus birth date was a strong predictor
of a GCL cell’s ultimate identity. Cell death in each cohort was estimated by counting cells at
different time points (soon after the cohort was produced and later) and subtracting the later
from the earlier number. This method avoids the problem of simultaneous birth and death
that has plagued many of the earlier attempts to assess cell death. Negligible numbers died
during the first week after a cell’s birthday. The amount of cell death differed in the two
cohorts; 48.5  15% and 29.0  12.4% in early and late, respectively, and most of it was
postnatal. These findings disagree sharply with an earlier conclusion that ganglion cells die
within 5 days of their birthdays or not at all. J. Comp. Neurol. 489:120–134, 2005.
© 2005 Wiley-Liss, Inc.
Indexing terms: amacrine; precursor competence, birthdate; fate
A retinal cell’s birth date is expected to be influenced by
two factors, class and location. We have evaluated these
influences by cumulative labeling with bromodeoxyuri-
dine (BrdU; Farah, 2004) to mark cohorts of ganglion cell
layer (GCL) neurons born either early or late, and retro-
gradely labeling the ganglion cells with rhodamine-
dextran (Fritzsch, 1993; Rachel et al., 2002). Ganglion
cells are classified as projection neurons (they send long
axons through the optic nerve into the brain) and ama-
crines as local circuit interneurons (their neurites do not
extend very far from the cell body). Elsewhere in the
vertebrate central nervous system projection neurons are
born before nearby local circuit interneurons (reviewed by
Jacobson, 1991); therefore ganglion cells are expected to
be born before displaced amacrines. With respect to cell
location, GCL cells are born in peripheral retina at ages
when none are being produced in the central retina
(Dräger, 1985); therefore it seems likely that peripheral
ganglion cells will be born after central displaced ama-
crines. Our results fulfilled both expectations. The early
and late cohorts comprised nearly exclusively ganglion
cells and displaced amacrine cells, respectively, and the
few late cohort ganglion cells were in the peripheral ret-
ina. As we discuss below, these results clarify some as-
pects of the generation of neuronal diversity and the “com-
petence” of progenitor cells (Cepko et al., 1996).
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With respect to the extent of cell death, most studies did
not differentiate the two classes and assessed cell death in
the GCL as a whole. When ganglion cells were specifically
examined, estimated loss ranged from 9% (Young, 1984) to
90% (Galli-Resta and Ensini, 1996), with most estimates
toward the middle of that range, consistent with earlier
studies of cell death in projection neurons (reviewed by
Jacobson, 1991). Cell death in local circuit interneurons is
generally smaller than in projection neurons, ranging
from zero (Armstrong and Clarke, 1979; McKay and Op-
penheim, 1991; Cook et al., 1998) to 20% (Alexiades and
Cepko, 1997). Much of the variability is probably attrib-
utable to differences in methods and assumptions, some of
which we discuss later. We have estimated cell death
directly by counting the number originally generated and
the number remaining later and subtracting the two. Such
a direct method cannot usually succeed because cell death
begins before all the cells have been born (Williams et al.,
1986; Galli-Resta and Ensini, 1996), but we have circum-
vented this problem by restricting our analysis to cohorts
of cells born over a few days during which cell birth and
death do not overlap.
As to when cells die, most studies have been noncom-
mittal, but Galli-Resta and Ensini (1996) concluded that
rat ganglion cells died only during their first 5 days of life,
and if they survived that initial period they did not die
thereafter. The suggestion of an early and brief period of
vulnerability followed by a late and prolonged period of
safety is novel, and we evaluated these ideas directly by
assessing early and late cell death in both cohorts. We
found the opposite, that is, little or no cell death during
the first week following the birthday (a brief period of
invulnerability), and abundant cell death thereafter.
MATERIALS AND METHODS
BrdU labeling with osmotic minipumps
Timed-pregnant CD-1 mice from Charles River Labora-
tories (Wilmington, MA) were used exclusively. E0.0, the
onset of embryonic life, was assumed to be 2 AM of the
night of coupling. Pregnant dams were implanted subcu-
taneously with a BrdU-releasing osmotic minipump
(model 2001, Alzet Osmotic Pumps, Durect, Palo Alto, CA)
at one of three gestational ages: E11.5 (n  11), or E12.5
(n  8), or E15.5 (n  6). The pumps were always im-
planted between 1:30 and 2:00 PM and thereafter released
1 l/h, or 50 g/h of BrdU, for 7 days, a total of 8,400 g.
All proliferating retinal cells were labeled, and the
amount of apoptosis was indistinguishable from normal
(Farah, 2004); this same reference provides further details
of pump preparation, implantation, and validation. All
animal protocols were approved by the University of Mich-
igan Committee on the Use and Care of Animals.
Tissue preparation
Mice were briefly anesthetized with carbon dioxide and
then sacrificed by cervical dislocation. Tissues were
immersion-fixed in freshly made 4% paraformaldehyde/
0.1 M phosphate buffer (PB), pH 7.4, for 6–8 hours or
overnight at room temperature (RT). Embryos E13.5 and
younger were fixed intact; older embryos and neonates
were decapitated, and their heads were fixed; and the eyes
of P30 mice were dissected out and fixed in isolation.
Tissues were stored in fixative at 4°C.
Embedding and freezing protocols were adapted from
Hu and Easter (1999). Three PB washes of 10–15 minutes
each were followed by 2–3 hours in 5% sucrose/PB at RT
and 4–5 hours in 15% sucrose/PB at RT. Then the tissue
was embedded in 15% sucrose/7.5% gelatin/PB overnight
at 37–42°C. The samples were quick-frozen in dry ice/2-
methylbutane, frozen-sectioned at 10 m, and mounted on
subbed slides. They were then air-dried at RT for 3–4
hours and either processed immediately or stored at
20°C for later processing.
Identification of ganglion and displaced
amacrines cells
Ganglion cells were identified by retrograde labeling
from their axons with rhodamine-dextran, by using the
methods of Fritzsch (1993), Von Bohlen und Halbach
(1999), and Rachel et al. (2002), with slight modifications.
Small fragments of Gelfoam (Pharmacia, Peapack, NJ)
were loaded with fixable rhodamine-dextran, 3,000 molec-
ular weight (C/N D3308, Molecular Probes, Eugene, OR)
and allowed to dry. Embryonic eyes were dissected from
live embryos in artificial cerebrospinal fluid (ACSF; recipe
in Von Bohlen und Halbach, 1999) at RT. The optic stalk
was cut close to the eye, and within a minute, a Gelfoam
fragment was placed on the cut optic stalk for 4–5 min-
utes, after which the eye was washed with ACSF and
incubated in aerated ACSF for 2 hours at RT. The eyes
were then fixed in freshly made 4% paraformaldehyde in
0.1 M PB, embedded, frozen-sectioned, and processed for
BrdU immunocytochemistry as described below. We at-
tempted to identify more definitively the rhodamine-
negative cells by staining with antibodies against markers
for displaced amacrines (choline acetyl transferase: Hay-
den et al., 1980; syntaxin: Marquardt et al., 2001), but we
were unsuccessful, probably because of the denaturing
conditions required for BrdU staining. Operationally,
rhodamine-positive cells in the GCL were classed as gan-
glion cells, and rhodamine-negative cells in the GCL with
large nuclei were classed as displaced amacrines. Cells in
the GCL with small nuclei were assumed to be glial and
were not counted. The displaced ganglion cells, with cell
bodies in the inner plexiform or inner nuclear layers, were
recognized (see Fig. 4), but they were not counted because
their numbers were insignificant.
In postnatal retinas the retrograde labeling was slightly
modified. First, 3% lysolecithin (Sigma, St. Louis, MO)
dissolved in water was mixed with fragments of
rhodamine-dextran to enhance the uptake of the tracer
(Frank et al., 1980). Second, a drop of 1% agarose was
placed on top of the Gelfoam fragment to confine the
rhodamine-dextran to the cut site of the optic nerve.
Third, labeled retinas were incubated for 18 hours in
aerated ACSF. The longer incubation was necessary to
label ganglion cells at the retinal periphery.
Section staining
Nonspecific antibody binding was blocked by incubation
in 5% goat serum (Jackson ImmunoReseach, West Grove,
PA)/0.3% Triton (Sigma)/PB for 1 hour at RT. Primary
antibodies were applied overnight at 4°C in a humidified
chamber, washed in PB (four times, 15–20 minutes each),
and the secondary antibodies were applied for 3–4 hours
at RT in the dark. The sections were further washed,
counterstained, mounted (ProLong Antifade Kit, Molecu-
lar Probes), and coverslipped.
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For BrdU immunocytochemistry, sections were dena-
tured in 2 N HCl/PB for 30 minutes at RT, washed for
5–10 minutes in 0.1 M sodium borate buffer, pH 8.5, and
washed twice more in PB. BrdU was detected with 1:200
rat anti-BrdU (Serotec, Raleigh, NC), visualized with
1:100 fluorescein isothiocyanate (FITC)-conjugated goat
anti-rat (Jackson ImmunoResearch). Differentiated neu-
rons were identified by 1:100 rabbit anti--tubulin type III
(a gift from Dr. Anthony Frankfurter, University of Vir-
ginia) and visualized with 1:500 Alexa Fluor 546 goat
anti-rabbit (Molecular Probes). Nuclei were stained with
0.5 g/ml DAPI (fluoresces blue) or 20 ng/ml propidium
iodide (PI; fluoresces red; Molecular Probes).
Some retinas were double labeled for BrdU and termi-
nal deoxynucleotidyl transferase-mediated biotinylated
UTP nick-end labeling (TUNEL; Intergen, Purchase, NY).
TUNEL-positive cells fluoresced green; therefore BrdU
was visualized by a red secondary antibody, 1:500 Alexa
Fluor 555 goat anti-rat (Molecular Probes). Nuclei were
counterstained with DAPI.
The quantitative data were obtained with a standard
fluorescence microscope (Leica Aristoplan) through a 50
water objective. All of the photomicrographs reproduced
here were acquired by laser scanning confocal microscopy
(model LSM 510, Carl Zeiss).
Nuclear counting
Nuclear profiles in the GCL were counted in retinal
sections cut transversely through the head. Every 5th (for
E12.5) or 10th (for E15.5 and older) section was examined,
and the total number of nuclear profiles in the GCL was
counted in each. The reliability of this sampling schedule
was tested on E12.5 retinas by counting BrdU-negative
nuclei (the early cohort; see below) in two independent
sets of sections of the same retina (e.g., sections 1, 6, 11,
16. . .to produce one estimate and sections 2, 7, 12, 17. . .
to produce a second estimate). Two retinas were evaluated
this way, and the two estimates differed by only 4.5% in
one retina and 5.2% in the other, which we judge to be an
acceptable level of reliability.
The total number of cells per cohort was estimated with
the modified Abercrombie correction (Abercrombie, 1946;
Konigsmark, 1970). This measure uses the diameters of
nuclear profiles as raw data and requires knowing both
the average diameter and the diameter of the smallest
visible profile. These numbers were determined sepa-
rately for each age. The average nuclear diameter was
obtained from sagittal sections, which provide a view per-
pendicular to the transverse sections from which nuclear
counts were obtained; 200 were measured. The smallest
visible nuclear profile was obtained by measuring the
diameters of 50 small nuclear profiles, and the smallest
value was used in the calculation. All measurements of
nuclear diameter were made in images acquired by Image
1 (Universal Imaging, West Chester, PA), calibrated




To identify a population of cells born early, single os-
motic pumps containing BrdU were implanted into preg-
nant dams early in gestation, at E11.5. (The first GCL
neurons are born after E10.0; Sidman, 1961; Farah, 2004.)
The pumps delivered BrdU for 7 days, intranuclear BrdU
incorporation reached a detectable level in a few cells by
about 4–7 hours post implantation (E11.8), and all cycling
nuclei were labeled by about 19 hours post implantation
(Farah, 2004). Therefore an implantation at E11.5 labeled
all cycling nuclei at least until E18.5, and retinas exam-
ined between 19 hours and 7 days post implantation con-
tained a population of BrdU-negative nuclei all of which
had completed their terminal S-phase before about E11.8.
This is the E11.8 cohort. We also implanted at E12.5,
which produced an E12.8 cohort (see below).
Cellular identities assessed early in development.
Three dams were implanted with BrdU pumps at E11.5
and sacrificed at E12.5, E15.5, and E18.5; then two retinas
from each of the three litters were stained with antibodies
against BrdU and neuron-specific -tubulin type III (Eas-
ter et al., 1993). At E12.5 (Fig. 1A,B), the retina had three
distinct layers: the optic fiber layer (innermost, no nuclei,
-tubulin-positive cytoplasm), a thin neural layer (NL:
intermediate, nuclei mostly BrdU-negative, cytoplasm
-tubulin-positive), and a much thicker neuroblastic layer
(NBL: outermost, nuclei mostly BrdU-positive, cytoplasm
mostly -tubulin-negative). The BrdU-negative nuclei in
the NL were all -tubulin-positive and therefore neurons.
The few -tubulin-positive cells in the NL that were also
BrdU-positive were neurons that completed their terminal
S-phase after E11.8. BrdU-negative/-tubulin-positive
cells in the NBL were also early-born neurons and prob-
ably included some that were migrating to the NL (Lee et
al., 2003) and others that were destined to remain in the
outer retina (Sidman, 1961; Carter-Dawson and LaVail,
1979; Schnitzer and Rusoff, 1984; Rich et al., 1997; Rapa-
port et al., 2004). Because they were so sparse, no more
than a few percent of the NL neurons, we did not count
them; hereafter the E11.8 cohort is restricted to cells in
the NL.
At E15.5 (Fig. 1C,D), the retinal layering was similar to
that at E12.5, but all layers were thicker. In the NL, all
cells remained -tubulin-positive, but in contrast to E12.5,
the BrdU-positive nuclei outnumbered the BrdU-negative
Fig. 1. The early cohort in prenatal retina. Pumps were implanted
in pregnant dams on E11.5. Dams were sacrificed on E12.5 (A,B,
adjacent sections), E15.5 (C,D, adjacent sections), and E18.5 (E,F,
nonadjacent sections). The retinas were stained for either BrdU and
PI (A,C,E) or BrdU and -tubulin (B,D,F). BrdU is green, and
-tubulin and PI are red. The inner limiting membrane is down, and
the pigmented epithelium is up. The vertical bars on the right indicate
the neural layer (NL) and the neuroblastic layer (NBL). A: On E12.5,
the nuclei of the early cohort (red: PI-positive/BrdU-negative) occu-
pied a thin layer on the inner retinal surface. Those nuclei born later
(yellow: PI-positive/BrdU-positive) were segregated to the outer ret-
ina. B: The birthdate-related stratification in A correlated with neural
phenotype. The thin NL was defined by -tubulin-positive cells, most
of them with unstained nuclei (BrdU-negative) and processes (the
optic fiber layer [OFL]). The thicker NBL comprised mostly non-
neurons (-tubulin-negative), most of which were BrdU-positive. Ex-
ceptions were rare: neurons in the NBL (horizontal arrow) and late-
born neurons in the NL (vertical arrow). C: On E15.5 the NL included
more BrdU-positive nuclei (yellow) than at E12.5. D: BrdU-positive
(arrowhead) and -negative (arrow) nuclei were intermixed in the NL.
E: On E18.5, the ganglion cell layer (GCL) was distinct, separated by
the inner plexiform layer (IPL) from the rest of the NL and the NBL.
F: BrdU-positive nuclei (arrowhead) outnumbered the BrdU-negative
ones (arrow) in the GCL. Scale bars  20 m.
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ones, indicating that GCL neurogenesis had continued
during the intervening 3 days. BrdU-positive and
-negative nuclei were thoroughly intermingled in the NL,
indicating that new neurons were added interstitially,
rather than at the retinal margin as occurs in fishes and
frogs (Hollyfield, 1972; Straznicky and Gaze, 1971). The
NBL still contained a few -tubulin-positive/BrdU-
negative cells, probably many of the same ones that were
embedded among the neuroepithelial cells at E12.5. At
E18.5 (Fig. 1E,F), the inner plexiform layer divided the
NL into the GCL and the nascent inner nuclear layer
(INL), but the boundary between the INL and the NBL
was indistinct. BrdU-positive and -negative nuclei re-
mained intermingled in the GCL both centrally (Fig. 1E)
and peripherally (not shown). The NBL still contained a
few -tubulin-positive/BrdU-negative cells. We conclude
that the cells of the E11.8 cohort were exclusively neurons,
and the vast majority of the retinal neurons born before
E11.8 were destined for the GCL.
The presence of ganglion cells in the E11.8 cohort was
established by retrograde labeling with rhodamine-
dextran. Two dams were implanted with BrdU-containing
pumps at E11.5, and embryos were obtained at E12.5 (n 
4) and E13.5 (n  8). Only a few retinal cells were back-
filled at E12.5 (data not shown), probably because most
presumptive ganglion cells had not yet sent axons to the
label site by that time. At E13.5 rhodamine was concen-
trated in the optic nerve, the optic fiber layer, and the NL
(Fig. 2A,C), indicating that the label reached the neural
retina through retrograde axonal transport rather than
diffusion through extracellular space. The rhodamine-
positive layer was thinner than the -tubulin-positive
layer (compare the red areas of Fig. 2A and B), consistent
with the earlier conclusion that some of the early neurons
in the NBL were destined for outer retinal layers. BrdU-
positive nuclei could be discerned in the rhodamine-filled
cells as central yellow ovals, but BrdU-negative nuclei
were masked by the rhodamine and therefore invisible
(Fig. 2C,D). These images show that the ganglion cells
were a major part of the E11.8 cohort.
To obtain an estimate of their numbers, we counted
BrdU-negative/rhodamine-positive cells in sections coun-
terstained with DAPI, a general nuclear stain. Our confo-
cal microscope had only two channels, red and green (Fig.
2A–D), which were inadequate to visualize DAPI-stained
nuclei, therefore the scoring was carried out on a standard
fluorescence microscope with three channels. Individual
nuclei were first located in the blue channel (all nuclei),
then viewed in the green channel (BrdU), and finally the
red channel (rhodamine). Of the eight E13.5 retinas back-
filled with rhodamine-dextran, the three best labeled were
analyzed quantitatively with the modified Abercrombie
correction to determine the percentage of BrdU-negative
cells that were also rhodamine-positive. The grand mean
( SEM) was 98  1.1% (Fig. 2E). The remaining 2% may
have been displaced amacrine cells or ganglion cells that
failed to fill. Thus, the E11.8 cohort comprised predomi-
nantly ganglion cells.
Prenatal cell death. The number of cells in the E11.8
cohort was counted in embryos of various ages to obtain an
estimate of losses through cell death. Ten dams were
implanted with BrdU-containing pumps at E11.5 and sac-
rificed at E12.5 (n  4), E15.5 (n  3), and E18.5 (n  3).
BrdU-negative nuclei in the NL were counted in six reti-
nas from each dam (Fig. 3A–C). The value obtained at
E12.5 was taken as the initial value of the early cohort
against which the later values were compared. This ap-
proach requires that cell death in the early cohort did not
begin until cell birth had finished; an earlier study estab-
lished this to be the case. Farah (2004) examined cell
death by using the TUNEL reaction and found that sec-
tions of E12.5 retinas contained several thousand cells per
section, but only two to three were TUNEL-positive, and
nearly all of these were in the NBL. Therefore cell death
among neurons in the NL was negligible and possibly
absent during the first day after the E11.8 cohort was
produced
The grand mean of BrdU-negative nuclei at E12.5
(3,589  448) was 16% higher than that at E15.5 (3,010 
156) and 9% higher than that at E18.5 (3,280  103), but
Student’s t-test found that these small differences were
associated with large P-values (P  0.32 and P  0.57: Fig.
3D) and were therefore not statistically significant. We
conclude that prenatal cell death in the early cohort was
small and perhaps absent entirely. We considered exam-
ining more litters to establish whether the small differ-
ences that we observed might be shown to be statistically
significant, but a “power test” of our E12.5 data showed
that 126 embryos (6 from each of 21 dams) would have to
be counted to detect a real loss of 10% (Dr. Julie Horrocks,
personal communication). We did not pursue that option,
inasmuch as the main aim of this part of the work was to
test directly the conclusion of Galli-Resta and Ensini
(1996) that 90% of ganglion cells died within the first 5
days following cell birth. The small differences that we
saw are not in accord with that conclusion.
Cellular identities assessed after developmental cell
death. BrdU-containing minipumps were implanted at
E12.5, thereby producing a population of unlabeled cells,
the E12.8 cohort. This change in the age at implantation
was prompted by the need to avoid BrdU-negative GCL
cells born after implantation. Such false positives would
Fig. 2. Initial (prenatal) cellular identities in the early cohort. A
pump was implanted in a pregnant dam on E11.5, and the dam was
sacrificed on E13.5. The embryonic retinas were labeled retrogradely
with rhodamine-dextran, sectioned, and either reacted for BrdU
(green) and/or stained with DAPI (blue, not shown), or stained for
-tubulin (red). A: Retinal section through the origin of the optic nerve
(arrow) reacted for BrdU. Rhodamine-positive cells and processes in
the retina are ganglion cells and axons, respectively. A few cells
outside the retina (e.g., arrowhead) also picked up rhodamine. The
boxed area is shown in C. B: A similar section through a control retina
(no rhodamine-dextran application) stained for -tubulin alone.
C: Higher magnification of the boxed area in A. The BrdU-positive
nuclei were yellow (arrowhead: green BrdU and red rhodamine). The
BrdU-negative nuclei, which were visible as unstained ovals in Figure
1, are invisible here because the rhodamine extended through the
nucleus. The arrow points to a cell that was shown in DAPI staining
(see text) to include a BrdU-negative nucleus. D: Retinal section with
rhodamine alone. Ganglion cell bodies lay closer to the inner limiting
membrane (ILM) than to the outer limiting membrane (OLM), and a
few (e.g., asterisk) had apical processes extending to the OLM.
E: Quantitative analysis of the cellular identities of the early cohort.
Three embryos (E13.5) were used, one retina from each. The black
columns indicate the BrdU-negative cells (the early cohort), and the
white columns indicate the BrdU-negative/rhodamine-positive cells
(members of the early cohort that are ganglion cells). The far right
pair of columns shows the two grand means. Ganglion cells consti-
tuted 98.0  1.1% of the early cohort. Scale bars  50 m in A,B; 20
m in C,D.
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be expected if the supply of BrdU were exhausted before
GCL neurogenesis was complete. The pumps deliver for 7
days; therefore a pump implanted at E11.5 would be ex-
pected to cease delivery at E18.5, before parturition nor-
mally occurs, whereas implantation at E12.5 should de-
liver BrdU right up to parturition. The production of false
positives (BrdU-negative GCL nuclei) postnatally, when
the pups are no longer in contact with a supply of BrdU,
cannot be excluded with absolute certainty, but postnatal
GCL neurogenesis is low (Sidman, 1961; Young, 1985).
Moreover, many mitoses of BrdU-positive nuclei that oc-
cur when no circulating BrdU is available still produce
BrdU-positive progeny (Galli-Resta and Ensini, 1996).
Therefore we assume that all BrdU-negative cells in the
postnatal GCL are members of the E12.8 cohort.
A second potential technical problem concerned the ret-
rograde labeling method; it apparently worked well in the
prenatal retinas, but the adult retinas are considerably
larger and the larger transport distances might cause
inadequate labeling. To investigate this, one dam was
implanted at E12.5 and allowed to deliver her litter nor-
mally. At P30, five of these pups were sacrificed, and all 10
eyes were retrogradely labeled with rhodamine-dextran,
sectioned, reacted for BrdU, and counterstained with
DAPI. In all of them, rhodamine extended throughout the
retina (see Fig. 6A,B) in the appropriate layers (Fig. 4).
BrdU-positive and -negative ganglion cell nuclei were in-
terspersed in the GCL along with other BrdU-positive/
rhodamine-negative nuclei. These results indicate that
the retrograde labeling worked well in the adult and that
such retinas could be analyzed with confidence. Accord-
ingly, cells of the E12.8 cohort (BrdU-negative) were
counted in the two best retrogradely labeled retinas, and
the percentage of rhodamine-positive cells was calculated.
It was similar to the prenatal case: 99  0.2% of the
BrdU-negative cells were rhodamine-positive and there-
fore ganglion cells.
Fig. 3. Prenatal cell death in the early cohort. Pumps were im-
planted in pregnant dams on E11.5. Dams were sacrificed on E12.5,
E15.5, and E18.5. BrdU-negative nuclei were scored in 6 retinas/litter
at all ages, and the numbers per retina were calculated by using the
modified Abercrombie correction. In A–C, each point represents one
retina from a particular litter, and individual litters are separated
horizontally. A: E12.5. Four litters. Mean  SEM  3,589  448.
B: E15.5. Three litters. Mean  SEM  3,010 156. C: E18.5. Three
litters. Mean  SEM  3,280  103. D. The grand means at each age
are shown by the columns with the P values for the pairwise compar-
isons using Student’s t-test globally.
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Postnatal cell death. Postnatal cell death in the
E12.8 cohort was estimated by comparing the numbers of
BrdU-negative nuclei in the GCL at P0 and P30 (n  15
retinas at both ages, 5 pups/litter from three litters, one
retina/pup). BrdU-negative nuclei with neuronal charac-
teristics were counted in the GCL, and their numbers in
the retina were estimated by using the modified Aber-
crombie correction. The numbers were 9,793  679 at P0
and 5,044  407 at P30, a cell loss of 48.5  15% (Fig. 5A).
The two means differed significantly (P  0.005, Student’s
t-test).
In summary, 98–99% of the early cohorts (those cells
with terminal S-phase prior to E11.8 or E12.8) were gan-
glion cells, few and perhaps none died prenatally, and
about 48% died postnatally.
The late cohort
In the litters of dams implanted at E15.5 the BrdU-
positive nuclei were born after about E15.8, and those in
the GCL constitute the E15.8 cohort. Note that the early
and late cohorts do not constitute the entirety of the GCL;
those cells born between E12.8 and E15.8 were not exam-
ined directly in this paper.
Cellular identities. P30 eyes (n  10 from five mice
whose mother had been implanted at E15.5) were retro-
gradely labeled with rhodamine-dextran. Numerous
rhodamine-positive cells (ganglion cells) lay all over the
whole-mounted retina (Fig. 6A–D), but most of them were
BrdU-negative. A very few BrdU-positive/rhodamine-
positive cells (E15.8 cohort ganglion cells) were concen-
trated in the far periphery (Fig. 6C), consistent with the
center-to-periphery gradient of development (Dräger,
1985). Most BrdU-positive neurons in the GCL were
rhodamine-negative and therefore displaced amacrines
(Fig. 6C,D).
The fractions of ganglion cells and displaced amacrine
cells in this late cohort were determined by scoring all
DAPI-positive neurons in sections of the 2 best labeled of
the 10 retrogradely labeled retinas. Two attributes were
scored: rhodamine positivity/negativity (ganglion cells/
displaced amacrines) and BrdU positivity/negativity
(E15.8 cohort/not E15.8 cohort). As Figure 6E illustrates,
Fig. 4. Final (postnatal) cellular identities in the early cohort. A
pump was implanted on E12.5, and a normal delivery followed. At
P30, pups were sacrificed, and their retinas were retrogradely labeled
with rhodamine-dextran (red), sectioned, and reacted for BrdU
(green). A: Central retina. The normal stratification is evident: optic
fiber layer (OFL), ganglion cell layer (GCL), inner plexiform layer
(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), and
outer nuclear layer (ONL). The rhodamine is restricted to the OFL,
GCL, and IPL, where axons, somata, and dendrites of eutopic gan-
glion cells are found. B–D: Three views of the same field of central
retina revealing BrdU (B), rhodamine (C), and both (D). The horizon-
tal and vertical white arrows indicate displaced and eutopic ganglion
cells, respectively, both of which are BrdU-negative. The yellow ver-
tical arrow indicates a BrdU-positive eutopic ganglion cell. Scale
bars  100 m in A; 20 m in B–D.
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the ganglion cells comprised 49  1.2% of the total, and
the displaced amacrines 51  1.2%, similar to earlier
estimates of the adult mouse GCL (Dräger and Olsen,
1981; Jeon et al., 1998). Of this population, 20  1.0%
were members of the E15.8 cohort. Figure 6F shows that
within this cohort, only 3.2  1.2% were rhodamine-
positive, indicating that 97  1.2% of the cells in the E15.8
cohort were displaced amacrines, a complete turnabout
from the early cohorts.
Cell death. The estimate of the initial number of cells
in the E15.8 cohort was more complicated than that of the
earlier cohorts because of different cellular kinetics. Not
only is the cell cycle longer at the later date (Alexiades and
Cepko, 1996), but the older retina is thicker than the
younger. The longer cell cycle imposes a greater delay
between S-phase and the onset of migration, and the
greater thickness causes a more prolonged migration
(Galli-Resta and Ensini, 1996). Moreover, E15.8 cohort
cells might be dying as others are produced; therefore the
number of cells in the E15.8 cohort was estimated with
these complications in mind.
Two dams were implanted at E15.5 and delivered their
litters normally. Every day thereafter, one to three pups
were sacrificed, and their retinas (one per pup) were sec-
tioned, reacted for BrdU, and counterstained with PI. The
nuclei were scored, and the numbers of E15.8 cohort neu-
rons (i.e., BrdU-positive in the GCL) per retina were esti-
mated with the modified Abercrombie correction (Fig. 7A).
The number of BrdU-positive cells was low on P0, gradu-
ally rose to a peak at P6 as cells migrated in, and declined
thereafter as cells died. The number of BrdU-positive cells
present at P6 cannot be assumed to represent the entire
initial population of the E15.8 cohort, because if some
members of that cohort were dying during the first 6
postnatal days, then the number counted at P6 would
underestimate the initial number. It was therefore neces-
sary to assess cell death among the E15.8 cohort during
P0–P6.
The time course of cell death was assessed by staining
for both BrdU and TUNEL (Fig. 7C). Two pups were
sacrificed every day following birth, and every 10th sec-
tion from two retinas per age was examined thoroughly for
cells that were TUNEL-positive/BrdU-positive. TUNEL-
positive nuclei were present in the GCL from P0 to P6
(Fig. 7B), but no TUNEL-positive/BrdU-positive cell was
observed in the GCL before P6 (Fig. 7D), indicating that
Fig. 6. Cellular identities of cells in the late cohort. Pumps were
implanted in pregnant dams at E15.5, and the litters were delivered
normally. The pups were sacrificed at P30. Their retinas were labeled
retrogradely with rhodamine-dextran and either whole-mounted di-
rectly (A,B) or sectioned and reacted for BrdU with DAPI counterstain
(C,D). A: Central retina, including the optic nerve head (*) toward
which rhodamine-labeled axons converged. Many of the rhodamine-
positive cells are obscured by the bundles of converging fibers. B: Pe-
ripheral retina. The ora serrata, the edge of the retina, is at the left.
The rhodamine-positive cells are labeled all the way to the edge.
C: Peripheral retina. The ora serrata is up. BrdU-positive/rhodamine-
negative nuclei (white arrows) mark late cohort displaced amacrines.
The BrdU-positive/rhodamine-positive cell (yellow arrow) is a rare
late cohort ganglion cell. D: Central retina. The white arrow points to
a BrdU-positive/rhodamine-negative cell (a late cohort displaced am-
acrine cell) flanked by two BrdU-negative/rhodamine-positive cells
(non-late cohort ganglion cells. E: The percentages of GCL neurons
(mean  SEM) are shown for the three cell classes indicated on the
horizontal axis. The ganglion cells and displaced amacrines together
constituted 100%, of which 20% were members of the late cohort.
F: The percentages of ganglion cells and displaced amacrines (mean 
SEM) in the late cohort. Abbreviations as in Figure 4. Scale bar  100
m in A,B; 20 m in C,D.
Fig. 5. Postnatal cell death in the early and late cohorts. Pumps
were implanted in pregnant dams, which then delivered their litters
normally. Eyes from pups were sectioned, reacted for BrdU, and
counterstained with DAPI, and the numbers of cells were estimated
by using the modified Abercrombie correction. A: Early cohort. The
pumps were implanted in three dams at E12.5, five pups from each
litter were sacrificed at P0 and P30, and one retina/pup was evalu-
ated. BrdU-negative nuclei were scored, their numbers were esti-
mated, and the grand mean ( SEM) is shown. Cell death was 48.5%
(P  0.005). B: Late cohort. The pumps were implanted in three dams
at E15.5, four or five pups from each litter were sacrificed at P6 and
P30, and one retina/pup was evaluated. BrdU-positive nuclei were
scored, their numbers were estimated, and the grand mean ( SEM)
is shown. Cell death was 29.0% (P  0.05). See text for an explanation
of why P6 was the first age evaluated.
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Figure 6
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cells in the E15.8 cohort did not die before P6. Assuming
that no more cells from the late cohort entered the GCL
after P6, the number of BrdU-positive neuronal nuclei at
P6 was taken as the initial population of the late cohort.
BrdU-positive GCL nuclei with neuronal morphology
were counted at P6 and P30 (n  14–15 retinas, 4–5 litter
for each day) and processed with the modified Abercrom-
bie correction to estimate total numbers per retina (Fig.
5B). The numbers of BrdU-positive nuclei were 22,976 
1,756 at P6 and 16,323  787 at P30 (P  0.05, Student’s
t-test of the difference between means), a loss of 29.0 
12.4%.
Relative contributions of the early,
intermediate, and late cohorts
The total number of cells in the GCL was estimated at
P0, P6, and P30 to learn what fraction of the total was
contributed by cells in the early and late cohorts. Two eyes
from two different animals at each age were sectioned and
stained with DAPI. The numbers of GCL nuclei with neu-
ronal characteristics were estimated with the modified
Abercrombie correction: 121,860  1,424 at P0, 120,149 
1,913 at P6, and 116,316  8,641 at P30. All three esti-
mates are quite similar to the values previously published
Fig. 7. Postnatal cell death in the late cohort. Pumps were im-
planted in pregnant dams at E15.5, and the litters were delivered
normally. Pups were sacrificed at various ages, and their retinas were
sectioned, reacted for BrdU and TUNEL, and counterstained with
DAPI. A: The number of BrdU-positive nuclei in the GCL (mean 
SEM; the late cohort) is plotted vertically against the first 8 postnatal
days (n  1 retina at P0–P2; n  2 at P3, P7, and P8; and n  3 for
P4, P5, and P6). B: The number of TUNEL-positive cells/section in the
GCL (mean  SEM; n  2 retinas at each point). C: Retinal section
reacted for TUNEL (green) and BrdU (red). One cell in the GCL was
TUNEL-positive/BrdU-positive (arrow). D: The fraction of TUNEL-
positive/BrdU-positive cells in the GCL (dying members of the late
cohort), from the same sections as in B. Abbreviations as in Figures 1
and 4. Scale bar  20 m in C.
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for adult mouse retinas (Jeon et al., 1998). The fact that all
three numbers are so similar to one another appears sur-
prising in view of our evidence for postnatal cell death, but
the similarity is explained by the postnatal migration of
new cells into the GCL (Fig. 7A), which nearly balances
the loss through cell death.
The contributions of the two cohorts differed in animals
of different ages. The numbers of cells produced before
E12.8 numbered 9,793 at P0 and 5,044 at P30, or 8.0 and
4.3%, respectively, of the total GCL at those ages. Those
cells born after E15.8 numbered 22,976 at P6 and 16,323
at P30, or 19.1 and 14.0%, respectively, of the totals. Thus
these two cohorts contributed about 18.3% ( 4.3 
14.0%) of the permanent cells in the GCL, implying that
81.7% were produced during the intermediate 3 days be-
tween E12.8 and E15.8. Young’s famous summary dia-
gram of mouse neurogenesis portrays all retinal cell types
passing through a similar time course: an initially slow
rise that accelerates to a peak followed by a rapid decel-
eration and a gradual fall. The numbers above confirm
that most GCL neurons were produced during the inter-
mediate 3 days and relatively few before and after. A
comparison of our two early cohorts reveals the initial
acceleration as well. The first cells to withdraw from the
mitotic cycle are thought to do so at about E10.5 (Sidman,
1961; Farah, 2004); therefore the E11.8 and E12.8 cohorts
revealed the cells that made their terminal S-phases dur-
ing the first 1 and 2 days, respectively, of GCL neurogen-
esis. They numbered 3,589 and 9,793, respectively; the
difference between the two, 6,204, is the number made
during the second day, and it is nearly twice as large as
the number made during the first day, direct evidence for
the accelerated neurogenesis reported by Young (1985).
In summary, we have shown that ganglion cells and
displaced amacrine cells were biased to appear early and
late, respectively. Cell death was proportionately greater
in the E12.8 cohort than in the E15.8 cohort, but it re-
mains unclear whether this difference is associated with
the differences in cell types or birth dates. Most, and
possibly all, of the cell death that occurred in the early
cohorts was postnatal, long after the end of the period of
vulnerability proposed by Galli-Resta and Ensini (1996).
DISCUSSION
These results bear on two subjects of general interest:
the origins of neuronal diversity and developmental cell
death.
Generation of neuronal diversity
Many studies of the vertebrate retina have led to the
conclusion that diverse types of neurons are produced
sequentially, with GCL neurons first (reviewed in Alt-
shuler et al., 1991). The first evidence came from the
classic birth-dating study of Sidman (1961), in which sin-
gle injections of tritiated thymidine were given at partic-
ular ages, and the heavily labeled cells detected much
later were inferred to be those that had differentiated
“after few further mitoses” following the injection (Table
III in Sidman, 1961). Such cells resulted from injections
made as early as the 11th day of gestation (in our termi-
nology, between E10.0 and E11.0), implying that terminal
S-phases may have occurred as early as that day. Typi-
cally, most of the earliest cells so identified were in the
GCL, and injections at later ages produced heavily labeled
cells in other layers (Sidman, 1961; Lavail et al., 1991;
Rapaport et al., 2004). This sequential production resulted
from multipotent progenitors that divided asymmetrically
to produce different cell types at different times (Turner
and Cepko, 1987; Wetts and Fraser, 1988; Holt et al.,
1988; Turner et al., 1990). The type of cell produced at any
time is believed to depend on both internal and external
factors (Cepko et al., 1996; Harris, 1997; Livesey and
Cepko, 2001; Marquardt and Gruss, 2002). A progenitor
cell’s “competence” to respond to a particular external
signal dictates what type of cell it will produce, and the
competence changes over time.
This model deals with individual progenitor cells, and
we attempt to extend it to the population of progenitors by
addressing the question of whether they are homogeneous
or heterogeneous. This question can be answered by learn-
ing whether the population produces one or more cell
types; one type of progeny implies that the progenitors
were homogeneous (uniformly competent), and more than
one implies that they were heterogeneous. The strongest
evidence for uniform competence came from zebrafish ret-
ina, in which the initial period of terminal mitoses (about
8 hours long) resulted in exclusively GCL neurons, and
subsequent intervals made inner and then outer nuclear
layer neurons (Hu and Easter, 1999). In zebrafish that
were mutant in the atonal homolog, ath5/lakritz, the ini-
tial burst of terminal divisions failed to occur and no
ganglion cells appeared, but outer retinal cells were pro-
duced on schedule (Kay et al., 2001). The GCL in zebrafish
is nearly exclusively ganglion cells (S. S. Easter, Jr., un-
published data); therefore the progenitors were over-
whelmingly ganglion cell-competent during the first neu-
rogenic burst.
Other work, in amniotes, argued against homogeneity.
Sidman (1961) included ganglion, amacrine, and horizon-
tal cells among those that were produced on the first day
of mouse retinogenesis, and Carter-Dawson and Lavail
(1979) added cones to this trio. (Young [(1985] claimed
further that cones and amacrines were produced in
greater numbers than GCL neurons at this early time, but
that will be disputed below.) Harman and Beazley (1989)
and Reese and Colello (1992), studying the quokka and
rat, respectively, addressed the narrower question of
whether ganglion and displaced amacrine cells were pro-
duced simultaneously, and they concluded that they were.
Belecky-Adams et al. (1996) examined chick retina rela-
tively late in development, using “window-labeling,” a
temporally precise method of birth dating, to show that
many dissimilar neuronal types were born nearby one
another during the same brief window of time. These
results in situ were supplemented by studies in vitro of
dissociated retinal progenitors that simultaneously pro-
duced a wide variety of cell types (e.g., 26% amacrines,
25% cones, 20% rods, and smaller amounts of others:
Belliveau and Cepko, 1999).
Is the zebrafish neurogenetic program simply different
from that of amniotes, as Livesey and Cepko (2001) have
suggested, or can these disparate results be reconciled?
We argue that they can be reconciled and that the appar-
ent differences are associated with the stage of retinal
development. Our E15.8 cohort, restricted as it was to the
cells ending up in the GCL, was a small fraction of all the
cells born after E15.8, most of which were destined for the
inner and outer nuclear layers. Therefore the competences
were varied in the population of progenitors after E15.8,
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consistent with all the papers cited above. Late in neuro-
genesis, the competences of precursors are diverse. How-
ever, conditions were different before E12.8, when the bias
toward ganglion cells was much stronger. The vast major-
ity of neurons produced before that age settled in the GCL
(Fig. 1B), and 98–99% of those that did were ganglion
cells. This conclusion is qualitatively consistent with some
descriptions of early neurogenesis (Sidman, 1961; Carter-
Dawson and Lavail, 1979) but quantitatively inconsistent
with the claim that both cones and amacrine cells are
produced in greater numbers than GCL neurons (Young,
1985).
We believe that Young’s conclusion was unjustified;
Young studied postnatal neurogenesis exclusively, and did
so quantitatively. He combined the qualitative data of
Sidman (1961) and Carter-Dawson and Lavail (1979) in
an unspecified manner with his quantitative data to pro-
duce a summary graph (his Fig. 9). Because it purports to
describe quantitatively the entire process of retinogenesis,
it has been widely reproduced, but the prenatal portion is
speculative and inconsistent with our direct demonstra-
tion that early neurons are overwhelmingly ganglion cells.
Then what of Harman and Beazley (1989) and Reese and
Colello (1992), who found that ganglion and displaced
amacrines were born simultaneously from the beginning?
The earliest age that Harman and Beazley (1989) exam-
ined was P1, but ganglion cells first appear about 5 days
prior to birth in the quokka (Harman and Beazley, 1987);
therefore this study missed what we believe to be the
crucial first days. Reese and Colello (1992) used pulse
labeling at daily intervals to reveal the percentage of
displaced amacrine cells in the GCL on a daily basis and
showed that it rose from E14, the first day that injections
produced heavily labeled cells, to E20. This is qualita-
tively the same as our conclusion but quantitatively a bit
different. Their starting value, at E14, was about 13%,
considerably higher than our starting values of 1–2% and
was anomalously higher than their value at E15 (about
6%). We favor their suggestion that this initial point may
be suspect.
We believe that our cumulative label is better suited to
establishing a boundary for birth dates than the pulse-
injection/heavy label paradigm. Sidman, who invented the
latter paradigm, carefully defined heavily labeled cells as
having differentiated “after few further mitoses” following
injection. Assuming that the length of the cell cycle is a
significant fraction of a day (Alexiades and Cepko, 1996),
then “a few further mitoses” would need a day or more to
be completed, implying a substantial uncertainty about
when a heavily labeled cell made its terminal S-phase.
Sidman’s qualitative assessment of heavy label has been
quantified by counting silver grains; the nuclei with the
most silver grains are those that have experienced the
fewest mitoses between the time of the injection and the
exit from the cell cycle. They are the earliest born, but
their birth dates remain uncertain because the “standard”
grain density cannot be tied securely to a particular birth
date. This uncertainty proved troublesome in the recent
paper by Rapaport et al. (2004) in which test sections from
particular experiments were developed every week until
the maximum label reached a criterion grain density, at
which time all the sections in that batch were developed.
This method allows longer photographic development to
compensate for less tritium in the nuclei. If the smaller
amount of tritium resulted from dilution through mitosis,
then the estimated birth dates of the heavily labeled cells
would be spuriously early in those sections that had ex-
perienced longer development. Indeed, Rapaport et al.
(2004) reported birth dates of GCL cells as early as E10, 4
days earlier than the previous estimate by Reese and
Colello (1992), who developed all sections equally. Rapa-
port et al. (2004) acknowledged some of the shortcomings
of the pulse-injection/heavy label paradigm and concluded
that cumulative labeling is preferable for determining the
onset of terminal mitoses, as it provides an unambiguous
criterion, labeled vs. unlabeled, that divides those cells
born after implantation from those born before. We agree,
and conclude that the earliest progenitors were nearly
homogeneous with respect to competence. A very small
fraction of terminal mitoses produced cells that were not
destined for the GCL, and of those that did end up there,
98–99% were ganglion cells.
Note that most proliferative cells did not produce neu-
rons during the early period, but the subpopulation that
did produce them was nearly uniform. The competences of
the others, those that divided symmetrically, are uncer-
tain. They may have been ganglion cell-competent but
were prevented from entering that pathway by the actions
of Notch (Austin et al., 1995). Alternatively, they may
have been competent to produce other cell types but failed
to do so because of a lack of the appropriate external
signal.
Another possible mechanism contributing to neuronal
diversity is a postmitotic shift in cell fate. In their electron
microscopic study of embryonic mouse retina, Hinds and
Hinds (1978) saw degenerating axons in the optic fiber
layer. They proposed that some of the early neurons ini-
tially had axons (i.e., they were ganglion cells) and later
shed them to became amacrine cells. We found that about
99% of the early cohort were ganglion cells even at P30;
therefore very few cells, if any, could have changed fate.
Developmental cell death
Our method for determining cell death is straightfor-
ward: count the number in a cohort at both early and late
dates and subtract. This avoids the pitfalls of earlier stud-
ies that were based on uncertain assumptions, such as the
clearance time of dying cells, and the contribution of new
cells born after death had begun in the population. We
concluded that about half of the ganglion cells of the early
cohort died, which is in line with most of the other esti-
mates (Rager and Rager, 1978; Hughes and Mcloon, 1979;
Sengelaub and Finley, 1982; Perry et al., 1983; Rakić and
Riley, 1983; Sefton and Lam, 1984; Crespo et al., 1985; Lia
et al., 1986; Williams et al., 1986; Voyvodic et al., 1995),
save three, each of which warrants some discussion.
The first is that of Young (1984), who estimated that
only 9% died. That low estimate was viewed skeptically by
the author, who noted that it assumed a clearance time for
dying cells of 24 hours. It is now known to be much too
long (Harvey and Robertson, 1992; Voyvodic et al., 1995).
The second outlier is from Strom and Williams (1998).
They examined 10 strains of mice (not including CD-1)
and compared axon counts in the optic nerves at P0 and
after retinal cell death. They found relatively uniform
percentage loss, averaging about 69% compared with our
result of 48.5%. The explanation for this difference may lie
in the different methods, or the different strains, or birth
date-specific differences in mortality.
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The third outlier came from Galli-Resta and Ensini
(1996), who concluded that cells died only during the first
5 days after they were born (they were subject to the “cell
death clock”), which complicates greatly the estimate of
total cell death. They attempted to correct for the simul-
taneity of death and birth and estimated that 90% of the
ganglion cells died. To evaluate the 90% estimate, we
restricted our analysis to the early cohort, which we
showed had no cell death prior to the implantation of the
pump, and found that 48.5% of the ganglion cells died, not
90%. To evaluate the claim of a brief early period of vul-
nerability (the “cell death clock”), we counted cells in the
early cohort soon after it was produced and 7 days later, at
E18.5. If cells were vulnerable to death only during the
first few days, then the second number should have been
considerably smaller than the first. Instead, the difference
between the two was statistically insignificant. This was
consistent with an earlier TUNEL staining of embryonic
retina, which showed scarcely any TUNEL-positive GCL
cells (Farah, 2004). The E15.8 cohort produced similar
results; TUNEL-positive cells of the E15.8 cohort were
absent until P6, about 8 days after the birthdays of the
earliest born members of this cohort (Fig. 7). These results
indicate the opposite of an initial period of vulnerability;
instead, the cells experience an initial grace period, a few
days of invulnerability. This conclusion is further sup-
ported by the earlier onset of TUNEL-positive cells born
earlier than the late cohort. TUNEL-positive cells were
found in the GCL during P0–P5, but all of these were
BrdU-negative and had therefore been born before E15.8.
The GCL contained plenty of E15.8 cohort cells during
P0–P5, but none were TUNEL-positive (Fig. 7). Therefore
the older cells died before the younger ones, consistent
with the idea that their grace period had expired before
that of cells born later. Gould et al. (1999), in their study
of chick spinal motor neurons, had also concluded that
older cells died before younger ones. In summary, our
results show that cells are spared for a few days following
their birthday. Rather than face cellular infanticide, they
get a free pass during their youth, and naturally occurring
death, if it is to come, arrives later.
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